The purpose of this paper is to present preliminary results from testing a pilot-scale sweet sorghum diffusion extractor that was designed to extract the juice from sweet sorghum stalks while simultaneously filtrating the extracted juice. The ultimate use of the juice is fuel grade ethanol. In essence, the system is a large coffee percolator that works by running shredded sorghum through a conveyor with recirculating hot water running over the crop to extract the sugar through diffusion. The current system spans 10 m in length, is 1m wide, and 0.6 m high. The sorghum is harvested with a forage chopper, and discharged at a constant rate into the trough. The sorghum moves at a rate of 0.2 m per minute, so the sorghum is in the diffusion system for 20 minutes. The water/juice is sprayed over the chopped stalks and is kept at a target temperature of 66⁰C. A roller fixture located at the end of the trough helps squeeze out some of the remaining juice. The pilot scale sweet sorghum diffusion system continuously extracts the sugar at a rate of 3 metric tons (mt) of sorghum an hour with a minimum sugar extraction of 60%. During our pilot testing phase we were able to process 0.65 mt of material per hour with a resultant brix of 6%. The system was halted several times to adjust the heating system, so we are confident that with further testing we can process at least 3 mt per hour of material. The conversion from the conventional harvesting and roller press of the sorghum stalk to this method could resulted in a 66% reduction in energy to harvest and extract the juice.
Introduction
Biofuels are necessary to offset the importation of oil and to preserve oil reserves. Growers in the United States have focused on the conversion of corn into ethanol; however, this is an expensive and energy intensive process with low yields, particularly when compared to fossil fuels. Additionally, using corn as a biofuel diverts crops from food and livestock production. This increase in the demand for corn has resulted in higher food prices [1] . The issue of food versus energy also applies when using sugar cane, another popular conversion crop as a biofuel.
Sweet sorghum is an arid land grass with high sugar content that is not commonly used for human consumption. It grows in a much wider climate range than sugar cane and more efficiently. In tropical areas, a farmer can grow three crops of sorghum for every one crop of sugar cane per unit area. Overall, the crop requires fewer resources to grow and has the potential to yield similar, if not improved, sugar extraction over sugar cane and corn.
Further, sorghum is desirable as a crop in Arizona because of its drought resistant and heat tolerant qualities. Sorghum stalks are usually between 10 and 15 feet tall. Of the whole stalks, about 70% is moisture while the remaining 30% is dry weight. That moisture contains between 12-25% sugar, depending on the variety and location grown.
The sorghum industry calculates extraction efficiency differently than corn or sugar cane extraction. The main method to measure sorghum extraction in terms of grams is to multiply the amount of dry weight of sorghum by the 70% moisture and brix to determine the maximum sugar yield. Then, to multiply the brix by the final amount of water (the water from which you are determining the brix) to determine grams extracted. Both numbers are then divided to define the percent of the maximum possible sugar that was extracted.
The University of Arizona sweet sorghum research team (Team) has learned over the past five years that it is easy to grow the sorghum, but the harvest method must match the crushing method, and that crushing and juice extraction is the most difficult part of the process [1] . The problem is that the technology for the extraction of juice from sweet sorghum is still at the 0.5hectare (ha) farm level. The Team realizes that an effective and cost-efficient technique to extract the juice from sweet sorghum with a reasonable throughput is essential to make sweet sorghum a viable crop for the production of ethanol. We have used forage choppers with screw presses, sugar cane harvesters with roller presses and now a forage chopper with the diffusion system. The process diagrams, Figure 1 , illustrate the key differences between the standard method of chopping and extracting juice and our diffusion system based method.
Current methods of sugar extraction from sorghum include roller mills and screw presses which, have extraction yields of 45%. A new, more efficient method for obtaining sugar is desired. This method is diffusion extraction. Extraction by diffusion was first introduced in the 1960's in the South African cane sugar industry. The first installations were bagasse diffusers and they were preceded by a mill. Cane diffusion, which is the extraction of sugar from cane in the absence of a first mill, was coined by Payne [2] in Hawaii in 1968. This method has been adopted around the world ever since. The team advocates a system that will produce higher yields. By rectifying these weaknesses, our offered design will improve the extraction rates and quality of extracted juice from sweet sorghum by using a diffusion extractor rather than rollers. 
Goals and Objectives
The project goal was to maximize the extraction of sugar while minimizing energy inputs; this goal was met by the system that was designed, constructed, and tested at the University of Arizona. The energy needed to extract the sugar included the harvesting process and energy to bring the diluted sugar solution to an equivalent percentage of sugar as obtained with a roller press. The diffusion process results in a diluted sugar juice/water because water is needed to wet the sorghum and begin the initial extraction of the sugar. The goals were met by constructing a system based on the process diagram found in Figure 2 .
Materials and Methods
The design is for a portable, pilot-scale diffusion unit with a capacity to process between 3 and 5 mt/hr sweet sorghum stalks while extracting a minimum of 60% of the sugar from the stalks. The sweet sorghum is harvested using a forage chopper. The chopped stalks were offloaded into a feed trailer that was equipped with scales. The stalks were then metered out into a front end loader that discharged the stalks into the diffusion chamber. Weights where noted before and after every load was withdrawn in case the scale drifted over time. The process is illustrated in Figure 3 . A trough length of 10 m combined with a belt speed of 0.2 m/min resulted in a 20 minute detention time. The motor for the belt is a variable speed motor, so future work can look at belt speed versus sugar extraction. Sugar cane diffusion systems are reported to operate at a temperature of 63⁰C, so that was the minimum target temperature [3] .
The diffusion system is mounted on a trailer so that it can be easily moved to various harvest sites during the season, thereby reducing haul distances and further reducing energy requirements. The conveyor belt (Figure 4 ) that moves the chopped sorghum through the diffusion system is made of a woven polyester material. This material was chosen because of its basic characteristics: heat resistant; abrasion resistant; good tensile strength; and limited elongation when temperature changes 
1536
KKU International Engineering are high. The woven nature of the material also provided excellent filtration of the juice, so there was no need to filter the juice prior to pumping it back up to the spray bars. The juice/water is collected in tanks and then pumped through heating units, Figure 5 . Portable tankless water heaters (Marey 112,000 BTU) were used to heat the juice/water mixture. The heaters were rated at 31 kw. The power source for these heaters was propane gas. The heaters were chosen to result in a 15⁰C temperature change. They were capable of this but the specific heaters chosen did not hold a constant temperature. They tended to vapor lock if the water temperature in the heaters went over 71⁰C, which did occur multiple times.
The stalks are lightly pressed using a separate roller system that is also covered with the same material as the belt. This is seen in Figure  5 , and consist of a 3.8 kw main belt motor and 0.76 kw upper motor.
Results
A refractometer type brix meter was used of obtain the sugar content of the juice. These meters have an accuracy of ± 2% and based on 5 samples during the operation of the system, the harvested juice had an average brix of 6%. The upper, compression, belt did not perform as anticipated because it was not able to put enough squeezing pressure on the sorghum over a long enough distance to extract the juice, prior to the bagasse being discharged from the end of the channel. Increasing the pressure on the bagasse resulted in stopping both the transport and squeeze belts. A proposed fix is to modify the upper roller by extending it back so that it is putting less pressure per m 2 on the stalks over a larger area. On the positive side, the sugar content of the bagasse leaving the press was also 6%, so more than 50% of the sugar had already been extracted and we are confident that the remaining sugar will be easily extracted after the press is modified.
The energy balance to the point of extraction, per ha, is found in Table 1 . The balance compares the energy needed to harvest and extract the juice on a per ha basis. The balance was based on the process diagrams found in Figure 1 . The main differences between the two techniques are crushing and then the removal of water from the diffusion effluent to obtain a comparable sugar content. The sugar cane harvester removes seed heads and leaves, so the net mass of stalks is approximately 65 mt/ha. The forage chopper is harvesting the whole plant, which results in approximately 100 mt/ha of biomass that must be processed. The equivalent sizes of systems is a 6 hp diffusion system with 336,000 btu of heaters and a 200 hp roller press. According to the literature, a reverse osmosis system operating at a pressure of 200 psi will remove over 50% of the water [4] . The power to pressurize the water to 200 psi is 2.24 kwh per 3,800 liters (L) of water/juice pumped. The juice yield per ha is approximately 50,000 L at full sugar potential, and the system had to double the volume to extract the juice, resulting in the creation of 100,000 L of juice per ha. The resultant energy to remove 50% of the water is 58 kwh per ha. 
Conclusion
Initial testing of the diffusion process using a bench top scale system resulted in a brix of 2 to 3% sugar. The full size system resulted in a collected juice with a brix of 6%. Additional testing is needed to optimize the system. Parameters to be optimized include:
• Temperature, • Belt speed, which relates to detention time • Spray bar configuration (need a high rate bar at beginning to pre-wet the sorghum) • Length of final press to maximize extraction of juice before the bagasse is discharged The use of the diffusion system did not result in an overall change in energy requirements, but the heat energy for the diffusion system could be obtained from the bagasse. If less than 1% of the bagasse is used to generate the heat needed for the diffusion system, then the diffusion system would result in a 66-percent reduction in total energy needed to harvest and extract the juice from the sorghum stalks.
